Iron is an essential element for numerous fundamental biologic processes, but excess iron is toxic. Abnormalities in systemic iron balance are common in patients with chronic kidney disease and iron administration is a mainstay of anemia management in many patients. This review provides an overview of the essential role of iron in biology, the regulation of systemic and cellular iron homeostasis, how imbalances in iron homeostasis contribute to disease, and the implications for chronic kidney disease patients.
INTRODUCTION
Iron is one of the most abundant elements of the Earth's crust. It is also a transition metal that can readily donate and accept electrons to participate in oxidation-reduction reactions that are essential for a number of fundamental biologic processes. It is, therefore, not surprising that iron has had an essential role in almost all living organisms, possibly dating back to very origins of life. 1 In humans, iron is incorporated into proteins as a component of heme (e.g., hemoglobin, myoglobin, cytochrome proteins, myeloperoxidase, nitric oxide synthetases), iron sulfur clusters (e.g., respiratory complexes I-III, coenzyme Q 10 , mitochondrial aconitase, DNA primase), or other functional groups (e.g., hypoxia inducible factor prolyl hydroxylases). 2 These iron-containing proteins are required for vital cellular and organismal functions including oxygen transport, mitochondrial respiration, intermediary and xenobiotic metabolism, nucleic acid replication and repair, host defense, and cell signaling.
With the oxygenation of the Earth's atmosphere over 2 billion years ago, abundant soluble Fe 21 was oxidized to insoluble Fe 31 , making bioavailable iron much more scarce. 3 At the same time, iron became potentially more toxic since the redox cycling of iron in the presence of oxygen and hydrogen peroxide catalyzes the production of free radicals in the Fenton reaction that can damage DNA, protein, and lipids. 4 Humans and other organisms, therefore, evolved specialized proteins and tightly regulated homeostatic mechanisms for the uptake, transport, storage, and export of iron to provide adequate iron for essential biologic process, but to limit the toxicity of iron excess.
SYSTEMIC IRON HOMEOSTASIS
Reflecting the scarcity of biologically available iron, humans efficiently conserve and recycle iron ( Figure  1) . 5, 6 The majority of iron is contained in red blood cell hemoglobin (2 g iron) and is recycled in the process of erythrophagocytosis by reticuloendothelial macrophages. These iron recycling macrophages are a major storage site for iron in addition to liver hepatocytes. All other cells in the body contain smaller amounts of iron for essential cellular processes as noted above. The circulating pool of iron is comparatively small (2-4 mg) and must be turned over every few hours to meet the daily requirement of iron to support erythropoiesis and other body needs (20-25 mg) . Approximately 1-2 mg of iron is provided by dietary absorption in the duodenum, which is balanced by an unregulated loss of 1-2 mg of iron, primarily through epithelial desquamation and blood loss. Urinary iron excretion appears to be minimal due to the largely protein bound form of circulating iron (bound to transferrin) and multiple mechanisms for iron reclamation in the kidney. 7 Since body iron losses are not regulated, the major avenues for regulating systemic iron balance are in controlling dietary iron update, and iron release from recycling macrophages and hepatocytes.
IRON ABSORPTION AND RECYCLING
Dietary iron is absorbed in several forms: inorganic, heme, and ferritin. Inorganic dietary iron is mainly present in the oxidized form (Fe 31 ) and must be reduced to the Fe 21 form prior to intestinal uptake. This reduction is thought to be mediated by ferrireductases in the intestinal cell apical membrane such as duodenal cytochrome B, facilitated by ascorbic acid. 8 Once reduced, Fe 21 is transported across the apical membrane by divalent metal transporter 1 (DMT1). [9] [10] [11] This uptake is facilitated by the acidic microenvironment and the H 1 gradient generated by the brush border Na 1 /H 1 exchanger. 12 Although the mechanisms for uptake of dietary heme and ferritin are less well understood, evidence suggests that iron is subsequently liberated and enters a common pathway as inorganic iron in the enterocyte. 13, 14 Iron taken up by enterocytes can be used directly for intrinsic cellular metabolic processes, stored, or exported across the basolateral membrane for systemic delivery. Iron is stored in enterocytes, like other cells, largely in the form of ferritin, which is comprised of a spherical nanocage of heavy (H) and light (L) chains surrounding a core of iron that is oxidized by H-ferritin. 15 This allows iron to be stored in an inert form that limits the production of damaging redox reactive species. Ferritin storage allows for a more controlled delivery of iron to basolateral iron exporters and the ability to limit systemic iron delivery by intestinal cell desquamation, which occurs every few days. 16 Systemic iron delivery is mediated by the basolateral iron exporter ferroportin. [17] [18] [19] Although the molecular mechanisms of iron export by ferroportin are still not well understood, it is thought that iron is exported in the Fe 21 form, oxidized to Fe 31 by hephaestin and ceruloplasmin, and loaded onto transferrin, the main plasma iron carrier. [20] [21] [22] [23] A major source of daily iron is provided by iron recycling macrophages. 5 This specialized macrophage population phagocytoses old and damaged red blood cells after a Figure 1 Systemic iron homeostasis. Iron (Fe) circulates in the bloodstream bound to transferrin (TF). The majority of iron is delivered to the bone marrow for red blood cell (RBC) production, with lesser amounts going to other tissues for fundamental cellular processes and the excess transported to the liver for storage. Systemic iron homeostasis is maintained predominantly by recycling iron from RBCs via reticuloendothelial macrophages. A smaller amount of iron is provided by dietary absorption via duodenal enterocytes, which is matched by an unregulated loss of iron through desquamation and blood loss. mean lifespan of 120 days. Red blood cells are lysed, and iron is released from hemoglobin by heme oxygenase-1. Iron can then be stored in ferritin and exported to the bloodstream by ferroportin via a similar process described above for duodenal enterocytes. Ferroportin, the only known mammalian iron exporter, therefore, functions as a major gatekeeper controlling iron entry into the bloodstream.
CIRCULATING IRON
Transferrin-bound iron is the main form of iron present in the bloodstream under normal conditions. Transferrin can carry up to two iron molecules and maintains iron in a redox inert state. Approximately 20%-40% of iron binding sites on transferrin are normally occupied by iron, corresponding to transferrin saturation. Transferrin delivers iron to tissues for uptake by the ubiquitously expressed transferrin receptor 1 (TFR1). 6 A homologue with more restricted expression, transferrin receptor 2 (TFR2), may function as a sensor of transferrin-bound iron levels in other tissues including the liver and erythrocyte. 5, 24 In conditions where iron exceeds the carrying capacity of transferrin, nontransferrin bound iron (NTBI) may circulate, including highly reactive labile plasma iron that can be taken up in organs such as the liver, pancreas, and heart, where it leads to organ damage. 25 Uptake mechanisms for NTBI differ from transferrin-bound iron, for example ZIP14 is a major mediator of NTBI uptake in hepatocytes. 26 Ferritin is also measurable in the bloodstream. Circulating ferritin mainly originates from macrophages 27 and generally correlates with body iron stores, although its levels can also be influenced by inflammation, infection, liver disease, and malignancy among other conditions. 25 Circulating ferritin is relatively iron-poor, but has been hypothesized to act as another extracellular iron carrier in some conditions. 28 Additional circulating carriers of iron include the heme and hemoglobin scavengers hemopexin and haptoglobin. Neutrophil gelatinase associated lipocalin (NGAL)/lipocalin-2 has also been proposed to function as an extracellular iron carrier by binding to siderophores, small iron-binding compounds typically secreted by microorganisms, but which may also be produced in mammalian systems. 29 
CELLULAR IRON HOMEOSTASIS
Circulating iron is delivered to erythrocytes and other cells in the body via specific uptake mechanisms ( Figure  2 ). 6 A major common mechanism is uptake of transferrin-bound iron by TFR1 via receptor mediated endocytosis into clathrin coated pits. Iron is released in the acidic environment of the endosome, Fe 31 is reduced to Fe 21 by the ferriductase STEAP3, and Fe 21 is exported out of the endosome by DMT1, while TFR1 is recycled to the cell surface. Iron then enters the so-called chelatable or labile-iron pool and is either utilized directly, trafficked to the mitochondria for incorporation into the heme or iron sulfur cluster synthesis pathways, stored in an inert form in cytosolic or mitochondrial ferritin as described above, or exported out of the cell. Intracellular trafficking and transport across the mitochondrial membranes requires additional specialized proteins including the cytosolic iron chaperone poly (rC) binding proteins, 30 the mitochondrial chaperone frataxin, 31 and mitochondrial iron and heme transporters such as mitoferrins 32 and feline leukemia virus type C receptor 1B (FLVCR1B). 33 Iron stored in ferritin can be released for utilization or export by autophagic turnover (ferritinophagy) mediated by the cargo receptor nuclear receptor coactivator 4 (NCOA4). 34, 35 Additional transporters are involved in iron export from cells, such as ferroportin for elemental iron as described above and FLVCR1A for heme iron. 36 Although much progress has been made in understanding cellular iron trafficking pathways, many of these pathways are still not fully understood.
REGULATION OF CELLULAR AND SYSTEMIC IRON HOMEOSTASIS
A major regulator of cellular iron homeostasis is the iron regulatory protein (IRP) system ( Figure 3A ). When cellular iron levels are low, IRPs regulate expression of numerous iron homeostasis proteins by binding to iron responsive elements (IREs) in the mRNA 5 0 untranslated region (UTR) to inhibit translation (e.g., for ferritin and ferroportin) or the 3 0 UTR to prevent degradation (e.g., for TFR1). 37 This leads to an increase in iron uptake and a decrease in iron storage and export when cellular iron levels are low, and the converse occurs when iron levels are high. IRP-IRE binding is inhibited in iron replete conditions by 2 mechanisms: (1) the binding of an ironsulfur cluster in the RNA-binding cleft of IRP1, 37 and (2) the targeting of IRP2 for proteasomal degradation by the E3-ubiqutin ligase F-box/leucine-rich repeat protein 5 FBXL5, 38, 39 whose stability is regulated by an ironbinding hemerythrin domain. Since IRPs target proteins that are also key mediators of systemic iron homeostasis, IRPs may also influence systemic iron balance.
Another intracellular iron sensor is the hypoxia inducible factor (HIF) system ( Figure 3B ). Under low iron and oxygen conditions, the regulatory alpha subunits (HIF1a, HIF2a, and HIF3a) form a complex with the ubiquitously expressed b subunit (ARNT) and translocate to the nucleus to regulate gene transcription. Under iron-replete, normoxic conditions, HIFa subunits are targeted for degradation by the oxygen-and iron-dependent prolyl hydroxylases. 40 HIFs target a number of genes involved in iron homeostasis to influence not only cellular iron homeostasis, but also systemic iron homeostasis and erythropoiesis. In particular, HIF2a is critical regulator of erythropoietin expression 41 and contributes to the upregulation of iron transport proteins DMT1 and ferroportin in duodenal enterocytes under iron deficiency conditions. 42, 43 Interestingly, HIF2a is also an IRP target, suggesting another mechanism by which cellular iron levels can influence this pathway. 44 At the systemic level, the iron hormone hepcidin is a major regulator of body iron balance ( Figure 4) . 5 Hepcidin controls iron entry into circulation from absorptive enterocytes, iron recycling macrophages, and hepatocytes by binding to ferroportin and inducing its internalization and degradation in lysosomes. 45 Stimulating hepcidin expression thereby inhibits iron absorption from the diet and iron release from recycling macrophages and other body stores. In contrast, lowering hepcidin levels promotes iron availability.
The liver is the major source of circulating hepcidin that regulates systemic iron balance. 46 Hepatocyte Figure 2 Cellular iron homeostasis. Depicted cell is an amalgam of many cell types; not all proteins/pathways are present in all cells. Iron enters into cells primarily by transferrin receptor 1 (TFR1)-mediated endocytosis. In endosomes, iron is freed from TF and reduced by a ferriductase (STEAP3) before exiting into the cytosol via divalent metal transporter (DMT1). TF and TFR1 are recycled back to the cell membrane for further cycles. DMT1 and other transporters (ZIP8, ZIP14) function in non-TF bound iron (NTBI) uptake pathways in some cell types. Other iron acquisition pathways in some cell types include uptake of hemoglobin(Hb)-haptoglobin, heme-hemopexin, heme, lipocalin 2, and ferritin via CD163, CD91, FLVCR2, SLC22A17, SCARA5, and TIM2 receptors, respectively. In the cytosol, iron enters the labile iron pool (LIP), and is then utilized, stored, or exported out of the cell. Cytoplasmic iron transport is assisted in some cases by the chaperone poly (rC) binding protein 1 (PCBP1). Iron is mainly utilized by mitochondria for heme synthesis and iron-sulfur clusters (ISCs) biogenesis, with mitoferrins (MFRN1/2) playing a role in mitochondrial iron import and FLVCR1B playing a role in mitochondrial heme export. Excess iron in the cytosol is stored safely in ferritin. A mitochondrial form of ferritin (MTFT) is also expressed in some cell types. When the demand arises, ferritin can be targeted for autophagic turnover by nuclear receptor coactivator 4 (NCOA4) to release iron into the cytosolic LIP. Iron is exported out of the cell by ferroportin (FPN), assisted by ferroxidases ceruloplasmin (CP) or hephaestin (HP), followed by iron loading onto TF. FLVCR1A may play a role in heme export in some cell types.
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Hemodialysis International 2017; 21:S6-S20 S9 hepcidin expression is regulated by a number of different signals that communicate the body's need for more or less iron ( Figure 4 ). 47 Major hepcidin regulators include iron, erythropoietic drive, and inflammation. In particular, iron loading stimulates hepcidin expression, whereas iron deficiency inhibits hepcidin as a feedback mechanism to maintain normal body iron levels. Enhancers of erythropoietic drive, such as anemia, erythropoietin administration, and hypoxia suppress hepcidin expression to increase the availability of iron for red blood cell production. Inflammatory cytokines stimulate hepcidin expression to limit the supply of iron to pathogenic microorganisms in the context of infection, but this also leads to hypoferremia and iron restricted erythropoiesis in chronic inflammatory diseases including CKD.
IRON HOMEOSTASIS DISORDERS
Given the essential functions of iron but the toxicity associated with iron excess, abnormalities in iron homeostasis are associated with a number of diseases.
IRON DEFICIENCY
The most widely recognized clinical manifestation of iron deficiency is anemia. According to the World Health Organization, anemia affects nearly one quarter of the world's population, with 50% of cases attributable to iron deficiency. 48 Major health consequences of anemia include an increased risk of maternal and child mortality, impaired cognitive and physical development in children, reduced physical performance and work productivity in adults, and cognitive decline in the elderly. 48, 49 In patients with CKD, anemia is associated with a lower quality of life and a higher risk of numerous adverse outcomes including hospitalization, cardiovascular disease, cognitive impairment, and death. 50 Iron deficiency can be due to insufficient dietary iron absorption to meet the body iron needs from nutritional deficiency, malabsorption (e.g., due to celiac disease, gastric/gut resection, Helicobacter pylori colonization, protein pump inhibitors/H2 antagonists), increased iron requirements during pregnancy and rapid growth in children, or increased blood loss (e.g., due to gynecological losses or gastrointestinal losses from parasites, ulcers, malignancy, aspirin/nonsteroidal anti-inflammatory drugs). 49 Patients with CKD are predisposed to iron deficiency due to nutritional deficits, medications that impair enterocyte iron uptake (phosphate binders, antacids), increased iron utilization induced by erythropoiesis stimulating agents (ESAs), and increased blood losses from hemodialysis, frequent phlebotomy, and uremic platelet dysfunction. 51 In addition to true iron deficiency, where total body iron levels are reduced, anemia can also be caused by functional iron deficiency, characterized by reduced levels of circulating iron that limit erythropoiesis despite adequate or high stores of total body iron. This is a characteristic feature of anemia of chronic disease or anemia of inflammation associated with a number of chronic diseases including autoimmune disorders, malignancy, and CKD. 47 In these disorders, inflammatory cytokines such as IL6 activate the JAK/STAT3 pathway to induce the transcription of hepcidin, which downregulates ferroportin expression to inhibit dietary iron absorption and macrophage iron recycling (Figure 4) . Hepcidin excess and functional iron deficiency in CKD can also be influenced by reduced renal clearance of this small peptide hormone. 51 More rarely, iron deficiency anemia can be a consequence of mutations in genes involved in duodenal iron uptake, iron mobilization from body stores, or erythroid iron uptake or utilization, including DMT1 (SLC11A2), ceruloplasmin (CP), transferrin (TF). [52] [53] [54] In many of these cases, the iron deficiency anemia is associated with tissue iron overload. Mutations in the hepcidin regulatory gene, TMPRSS6, lead to iron refractory iron deficiency anemia due to inability to suppress hepcidin production in the liver (Figure 4) . 55, 56 These patients do not respond to oral iron supplementation and only partially respond to parenteral iron supplementation due to hepcidinmediated ferroportin degradation that limits dietary iron absorption and inhibits iron release from macrophages that mobilize iron from parenteral preparations.
IRON OVERLOAD
Major causes of systemic iron overload are hereditary hemochromatosis, iron loading anemias (thalassemias, congenital dyserythropoietic anemias, sideroblastic anemias, myelodysplastic syndromes), and transfusional or other secondary forms of iron overload. 57, 58 In these disorders, iron exceeds the buffering capacity of transferrin leading to highly reactive forms of NTBI that are taken up in the liver, heart, and endocrine glands, where the excess iron fuels oxidative damage and organ dysfunction, leading to cirrhosis, cardiomyopathy, diabetes mellitus, and other endocrinopathies.
Hereditary hemochromatosis is due to mutations in genes encoding hepcidin itself (HAMP) or mutations in the genes that are the major inducers of hepcidin expression in response to iron: HFE, transferrin receptor 2 (TFR2), or hemojuvelin (HFE2, also known as HJV) (Figure 4) . [59] [60] [61] [62] Mutations in these genes impair the ability of hepatocytes to detect increasing iron levels and activate signaling via the bone morphogenetic protein (BMP)-SMAD cascade to stimulate hepcidin transcription. 51 This results in inappropriately low hepcidin levels, unregulated ferroportin activity, and inability to suppress dietary iron absorption and macrophage iron release, leading to iron accumulation in other tissues. Mutations in the hepcidinbinding site of ferroportin that render it resistant to hepcidin-mediated degradation cause a similar phenotype. 63 Loss of function mutations in ferroportin lead to a distinct disorder (ferroportin disease) characterized by iron accumulation in macrophages. 57, 64 Iron loading anemias are disorders characterized by ineffective erythropoiesis, resulting in hepcidin suppression, dietary hyperabsoprtion of iron, and secondary iron overload. 58 A prototypical example is b-thalassemia, where abnormalities in b-globin synthesis lead to toxicity and apoptosis of mature erythroblasts, resulting in anemia. This stimulates erythropoietin production and expansion of immature erythroid precursors, but erythropoiesis remains ineffective and anemia persists. The expanded erythroid precursor population secretes an excess of the erythroid regulator(s) that normally suppress hepcidin to increase iron availability for red blood cell production, thereby resulting in excessive iron absorption and iron overload. One such erythroid regulator of hepcidin was recently identified as erythroferrone (Figure 4) . 65 Iron overload is exacerbated in many of these conditions by blood transfusions.
Transfusional iron overload was previously common in the dialysis patient population before the advent of treatment with ESAs. In the wake of studies raising safety concerns for ESAs when used to target higher hemoglobin levels and changes for dialysis reimbursement, intravenous iron supplementation transiently increased, and average ferritin levels remain persistently higher in dialysis patients in the United States. 66 Although the degree of iron loading in CKD patients is lower than in patients with hemochromatosis and thalassemia, where clear end organ toxicity from iron has been well described, there is evidence that iron may also be associated with disease outside the context of the massive iron overload seen in these genetic disorders.
IRON AND LIVER DISEASE
The liver is a main storage depot for iron and is the primary organ that clears excess circulating NTBI in conditions of iron overload. When the iron storage and antioxidant capacity of the liver is exceeded, iron overload can lead to oxidant-mediated liver injury, cirrhosis, and hepatocellular carcinoma, as seen in hereditary hemochromatosis and b-thalassemia. 57, 58 A number of other chronic liver diseases including alcoholic liver disease, nonalcoholic fatty liver disease, and viral hepatitis, are also associated with liver iron loading. 57 In some cases, the pathogenic factors associated with these diseases and the liver damage itself may alter hepcidin expression to contribute to the iron overload. 57 Although liver iron loading is typically lower grade in these conditions, ironinduced oxidative stress is thought to contribute to liver disease progression.
IRON AND DIABETES MELLITUS
Diabetes mellitus is a common complication of iron overload disorders such as hemochromatosis, which was originally termed "bronze diabetes," and b-thalassemia. 67, 68 Even in apparently healthy populations, increased dietary heme iron and high body iron stores, as measured by serum ferritin, are associated with an increased risk of type 2 diabetes and other insulin resistance states. [69] [70] [71] [72] A causative role for iron in the development of diabetes mellitus is supported by the fact that body iron reduction by phlebotomy or iron chelation improves glycemic control in these patients. [73] [74] [75] The mechanisms by which iron contribute to diabetes pathogenesis are still not fully understood, but appear to be multifactorial, and may differ depending on the underlying cause of iron overload and tissue iron distribution. 76 In hemochromatosis, iron accumulates in pancreatic islets, where it is thought to have a direct toxic effect on b cells by inducing oxidative stress and apoptosis, thereby impairing insulin secretion. 77 Iron overload also causes insulin resistance by toxic effects on the liver. In secondary iron overload where hepcidin is upregulated and ferroportin expression is reduced, iron accumulates in adipocytes and contributes to insulin resistance by reducing production of the insulin-sensitizing hormone adiponectin. 78 
IRON AND CARDIOVASCULAR DISEASE
The heart is a major organ where iron accumulates in hereditary hemochromatosis and b-thalassemia. Iron accumulation is associated with cardiomyopathy, which is a major cause of morbidity and mortality in these patients. 79 Clinically, this presents as a restrictive cardiomyopathy with prominent early diastolic dysfunction, arrhythmias, and progression to an end-stage dilated cardiomyopathy. 79 The pathophysiology of iron-overload cardiomyopathy is multifactorial including oxidantmediated injury, interference with cardiac electrical function, and promotion of fibrosis. 79, 80 Iron deficiency also has adverse consequences on the heart, an organ with high energy demands. Approximately 30%-50% of patients with chronic heart failure are iron deficient, 81 which is associated with more severe heart failure symptoms and worse cardiovascular outcomes. 82 Intravenous iron supplementation has been shown to improve heart failure symptoms, exercise capacity, and quality of life in this patient population, 83, 84 and is, therefore, a recommended treatment for heart failure patients with iron deficiency.
An unresolved question is whether iron also has a role in promoting atherosclerosis, which was originally postulated over 30 years ago. 85 Some epidemiologic studies in the general population have demonstrated an association between increased heme iron intake, body iron stores, and cardiovascular risk, [86] [87] [88] although other studies have found conflicting results. 89 Pathogenic mechanisms suggested by some studies include promoting endothelial cell dysfunction, monocyte adhesion, and/or oxidative stress and plaque instability; 90, 91 however, other studies do not support a pathogenic role. 92 In CKD patients, some observational studies have suggested an association between higher doses of IV iron and cardiovascular death, 93 but no association has been seen in other studies. 94, 95 Limitations in serologic markers of iron status, the observational nature and/or limited size and duration of most studies, and different methods and location of iron accumulation may account for some differences between studies. Large prospective randomized trials are awaited to provide further clarification.
IRON AND NEURODEGENERATIVE DISEASES
Iron is the most abundant transition metal in the brain, where it is required to sustain the brain's high respiratory activity, for myelinogenesis, and for the production of several neurotransmitters including dopamine and norepinephrine. 96 Iron deficiency is well-established to impair brain development and cognition. 97, 98 On the contrary, iron overload or pathological deposition of this redoxactive metal in the brain has been associated with many neurodegenerative disorders. [99] [100] [101] Certain areas of the brain are particularly iron rich, including the basal ganglia, and it is these regions that tend to be impacted most in a group of disorders known as neurodegeneration with brain iron accumulation (NBIA) diseases, characterized by movement disorders and in some cases dementia and other neuropsychiatric symptoms. [99] [100] [101] The clearest causal association is seen in a subset of NBIA diseases due to mutations in the iron homeostasis genes ceruloplasmin or ferritin light chain. In aceruloplasminemia, the loss of ceruloplasmin ferroxidase activity impairs astrocyte iron export and incorporation into extracellular transferrin for uptake by neurons. This leads to a combination of oxidative damage from iron overload in astrocytes and possibly also toxicity from neuronal iron deficiency. [99] [100] [101] In neuroferritinopathy, mutations in ferritin light chain impair safe iron storage leading to iron-mediated oxidative damage. [99] [100] [101] Mutations in frataxin, a mitochondrial iron Iron metabolism in health and disease
Hemodialysis International 2017; 21:S6-S20 S13 chaperone important for iron-sulfur cluster assembly, heme biosynthesis, and mitochondrial iron storage, cause Friedrich's ataxia, characterized by a loss of nerve cells in the spinal cord, cerebellum, and dorsal root ganglia, which is thought to be a consequence of mitochondrial dysfunction, oxidative stress, and possibly induction of sphingolipid synthesis and other signaling pathways induced by iron accumulation. 99, 101, 102 Iron accumulation is also associated with more common neurodegenerative diseases including Parkinson's disease and Alzheimer's disease. 99 Whether iron accumulation contributes to the pathogenesis of these neurological disorders or whether iron accumulation occurs as a result of the pathogenic condition is still a matter of debate, but there is some evidence of a mechanistic role. A functional IRE has been described in the 5 0 -UTR of amyloid precursor protein (APP) mRNA and a putative IRE-like sequence in the 5 0 -UTR of alpha-synuclein mRNA, 103, 104 suggesting that these proteins associated with Alzheimer's and Parkison's disease pathogenesis could be upregulated as a consequence of iron loading. APP has been reported to stabilize the iron exporter ferroportin to facilitate iron egress from neurons. 105, 106 Similarly, elevated expression of DMT1 isoform in substantia nigra 107 and alterations of other iron homeostasis proteins that may lead to iron accumulation have been reported in Parkinson's disease patients. 108 Neuronal iron accumulation may then exacerbate oxidative stress and neuotoxicity.
IRON AND CANCER
Iron overload is associated with an increased risk of hepatocellular carcinoma and possibly other cancers in patients with hereditary hemochromatosis and b-thalassemia. [109] [110] [111] Iron excess is thought to contribute to cancer development by two main mechanisms. 112, 113 First, the pro-oxidant effects of iron can damage DNA and thereby promote oncogenesis. Second, cancer cells have an enhanced dependence on iron to maintain their rapid growth rate. Interestingly, multiple cancer cell types exhibit altered expression of iron homeostasis proteins that favor iron accumulation, including increased expression of TFR1 (to increase iron uptake), decreased expression of ferroportin (to reduce iron export), and increased hepcidin production (for autocrine downregulaton ferroportin expression to reduce iron export). 112, 113 Moreover, some data suggests that altered expression of these proteins may have a functional effect on tumor growth and survival. For example, in breast cancer, low tumor expression of ferroportin is associated with metastatic progression and reduced survival, while high tumor expression of ferroportin and low expression of hepcidin predicts a favorable prognosis. 114 Iron chelators are being studied for use in cancer treatment by iron depleting cancer cells and/or promoting reactive oxidative stress to which cancer cells are particularly vulnerable. 113 ESAs have been demonstrated to increase the risk of malignancy-related adverse outcomes, 115, 116 and it will be important to study similar outcomes related to iron usage in larger prospective randomized controlled trials in CKD patients.
IRON AND KIDNEY DISEASE
Iron and iron-induced reactive oxygen species have been implicated in the pathogenesis of multiple models of acute kidney injury (AKI). 117, 118 Kidney iron accumulation has also been noted in CKD models. [119] [120] [121] It is thought that ischemic or toxic insults to the kidney increase the intracellular release of labile iron (also known as catalytic iron) that result in oxidative damage. More recently, a specific iron-dependent type of regulated cell death due to lipid peroxide accumulation, termed ferroptosis, has been identified and is implicated the pathogenesis of renal ischemia-reperfusion injury. 122 Systemic iron mobilization from liver and spleen may also contribute to kidney iron accumulation and toxicity in renal-ischemia reperfusion injury. 123 A functional role for iron in AKI pathogenesis is supported by the protective effects of treatment with iron chelators in many different AKI models. 118, 124 Iron metabolism proteins heme-oxygenase 1, ferritin, and hepcidin have all been demonstrated to play protective roles in AKI by enhancing antioxidant defense, sequestering iron, and altering iron trafficking. 123, 125, 126 Interestingly, some evidence suggest that intravenous iron administration in combination with a protoporphyrin may have a protective effect in AKI, possibly by inducing some of these endogenous protective pathways. 127 Further studies are needed to better understand the role of iron in the pathogenesis of kidney disease and the potentially harmful or beneficial effects of intravenous iron administration on kidney disease.
IRON AND MINERAL AND BONE DISORDERS
Osteoporosis is prevalent in patients with hemochromatosis and b-thalassemia. 128, 129 The etiology is likely multifactorial, but there is evidence that iron deposits in bone and can directly impair bone formation or remodeling.
Iron deficiency may also impact bone health by inducing production of the bone-derived hormone fibroblast growth factor 23 (FGF23) that regulates phosphorous and vitamin D homeostasis. 131, 132 In normal patients, the increased FGF23 production is coupled with an increase in cleavage so that there is minimal change in bioactive intact FGF23 levels. However, in patients with autosomal dominant hypophosphatemic rickets with mutations that impair FGF23 cleavage, iron deficiency increases intact FGF23 levels and exacerbates clinical manifestations of renal phosphate wasting, inappropriately low vitamin D levels, and rickets/osteomalacia. 133, 134 FGF23 levels are markedly elevated in CKD patients, and this is an important causative factor in the mineral and bone disorders (CKD-MBD) common in this patient population. 131 Notably, FGF23 cleavage is also impaired in CKD for reasons that are still poorly understood, and iron deficiency may, therefore, contribute to elevated FGF23 levels, CKD-MBD, and other adverse consequences associated with excess FGF23 in CKD patients. 131, 132 
IRON, IMMUNITY, AND INFECTION
Pathogenic microorganisms, like humans, require iron for survival and proliferation, and have evolved a number of mechanisms for obtaining iron from their human hosts. It has been hypothesized that one function of the hepcidinferroportin system in humans is to restrict iron availability in the context of infection by sequestering iron in macrophages and reducing circulating iron levels. 135 This is most clearly established for siderophilic bacteria such as Vibrio vulnificus and Yersinia enterolitica, since these infections have increased pathogenicity in patients with hemochromatosis or b-thalassemia 135 and hepcidin knockout mice. 136 The protective effects of iron deficiency for malaria, diarrheal illnesses, and tuberculosis in the developing world is supported by the increased rate of these infections and their associated morbidity and mortality in some iron supplementation studies. [137] [138] [139] Notably, hepcidin upregulation and macrophage iron sequestration is not always protective and may depend on the organism and its niche. For example, intracellular organisms that reside in macrophages, such as Salmonella, may have increased pathogenicity in this context. 140, 141 In addition to impacting iron availability to pathogens, hepcidinmediated iron sequestration may also influence the host immune response by altering macrophage cytokine production and function. [142] [143] [144] The impact of altered iron homeostasis and iron supplementation strategies on infectious complications in CKD patients is still not well understood. 145 
CONCLUSIONS
CKD patients are prone to iron deficiency anemia and functional iron deficiency as a consequence of hepcidin excess, and intravenous iron administration is a mainstay of anemia management in this patient population. Although both iron deficiency and iron excess are associated with numerous adverse health consequences in many different organ systems, data are limited to understand the optimal iron treatment strategy for CKD patients. There are many key areas for future research. We need better diagnostic parameters for accurately gauging iron status and a better understanding of the risks vs. benefits of intravenous iron administration, differences among available iron preparations, and optimal dosing regimens and treatment targets for iron administration. Fundamental research, animal studies, and larger prospective randomized controlled trials in human patients with hard clinical outcomes are needed to improve our knowledge and evidence-based practice moving forward.
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